Placental hypoxia likely plays an important role in both normal placental development and pathology. Yet, the molecular mechanisms of hypoxia signaling in this organ are virtually unexplored. Therefore, we investigated the expression of the hypoxia inducible transcription factors (HIF) in normal human placentas spanning the first trimester to term. Several key observations emerged: 1) HIF-1␣ and -2␣ mRNA were present in placentas of all gestational ages but with greater variability during early pregnancy; 2) overall, HIF-1␣ mRNA was expressed at a constant level in all placentas, whereas HIF-2␣ mRNA increased significantly with gestational age; 3) both HIF-1␣ and -2␣ protein decreased significantly with gestational age; and 4) HIF-1␣ and -2␣ immunoreactivity were overlapping in cellular distribution being expressed by the syncytiotrophoblast, villous cytotrophoblast, and fetoplacental vasculature with both nuclear and cytoplasmic localization. Next, we studied the regulation of these transcription factors by oxygen using placental villous explants in culture from first-trimester and term placentas. The major findings were 1) HIF-1␣ and -2␣ protein, but not mRNA, was induced by hypoxia in the placental villous explants; 2) HIF-1␣ DNA-binding activity was also stimulated by hypoxia; and 3) glucose transporter-1 mRNA (a known target of HIF) was also increased by hypoxia in placental villous explants. We suggest that physiological hypoxia contributes to the increased expression of HIF-1␣ and -2␣ protein in early placentas and that regulation of these transcription factors by hypoxia in the human placenta occurs at the level of protein and not mRNA.
INTRODUCTION
Successful pregnancy outcome is based on healthy placental development that involves effective trophoblast anchoring to and invasion of the uterus (reviewed in [1] ). In the early stages of human placental development, that is, before the 10th wk of gestation, the blood flow to the intervillous space is low [2] . The only available data on placental oxygen levels were collected by Rodesch et al. [3] , who used a transcervical polarographic oxygen electrode to measure the partial pressure of oxygen in the intervillous space. They obtained values of 17.9 Ϯ 6.9 mmHg at Gestational Weeks 8-10 and of 60.7 Ϯ 8.5 mmHg at Weeks 12-13-the latter being not significantly different from values measured concurrently in the endometrium. The higher levels at Weeks 12-13 of pregnancy presumably result from a rise in intervillous blood flow that, at least in part, stems from trophoblast invasion and ''physiological remodeling'' of uterine spiral arteries from small-resistance caliber vessels to large-capacitance uteroplacental arteries allowing for unimpeded blood flow into the intervillous space [1] . Thus, during the first 10 wk or so of development, the human placenta resides in a relatively hypoxic environment.
The proper and timely proliferation and differentiation of the villous cytotrophoblast stem cell are crucial to adequate placentation [4] . Generally speaking, proliferation of villous cytotrophoblast is required for adequate supply of these cells. They differentiate into the syncytiotrophoblast, which lines the villous placenta and separates maternal blood from villous core. This syncytial cell layer performs numerous functions critical to successful pregnancy outcome, including gas and nutrient transport and pregnancy hormone production. Alternatively, some of the villous cytotrophoblast stem cells in the so-called anchoring villi that abut the maternal decidua invade the uterine parenchyma and spiral arteries as extravillous trophoblasts. Cytotrophoblast phenotype is influenced by oxygen; for instance, hypoxia stimulates the proliferation of villous cytotrophoblast cells while impairing their invasion [5] [6] . Successful pregnancy outcome also depends on the proper development of the fetoplacental vasculature in the villous core, which provides for the delivery of oxygen and nutrients from the intervillous space to the fetus [4] . Thus, vasculogenesis and angiogenesis, as well as the entire repertoire of associated growth factors, are remarkably active during placental development. These processes are well known to be critically regulated by oxygen. Finally, local ischemia/hypoxia has been implicated in the abnormal cytotrophoblast differentiation and placental development in preeclampsia [7] [8] [9] [10] .
The molecular consequences of cellular hypoxia have been extensively reviewed in recent years (e.g., [11] ). A variety of genes are modulated as an adaptive response to hypoxia, such as those involved in glucose transport, glycolysis, angiogenesis, and erythropoiesis [11] . A prerequisite for many hypoxia-mediated responses is the basic-helix-loop-helix (bHLH)-Per-Arnt-Sim (PAS) family member transcription factors HIF-1␣ [12] and HIF-2␣ [13, 14] , which heterodimerize with the aryl hydrocarbon nuclear translocator protein (ARNT or HIF-1␤; 11, 12) and then bind to the hypoxia response element (HRE; core consensus sequence-5Ј-CGTG-3Ј) in responsive genes. Although the identity of the oxygen sensor upstream of the HIF transcription factors remains elusive [15] , the molecular mechanisms of HIF activation by hypoxia are becoming clearer and include protein stabilization [16, 17] , thiol-redox regulation [18, 19] , and interaction with CBP/p300 [19, 20] . Interestingly, there are agents besides hypoxia that have been shown to activate HIF under normoxic conditions; these include insulin and IGF-1 [21, 22] and v-SRC [23] , as well as transition metals, such as cobalt chloride, and iron-chelating agents [24] . Finally, HIF transcription factors have been shown to be critical for mouse development. Indeed, HIF-1␣ [25] , -2␣ [26] , and -1␤ [27] homozygous knockout mice all manifested embryonic lethality.
The contribution of HIF to human placental development is virtually unexplored. In a survey of various tissues in humans, Weiner et al. [28] demonstrated the expression of both HIF-1␣ and -1␤ in the term human placenta by Northern analysis. The presence of HIF-1 DNA binding activity in isolated cytotrophoblast cells from term placenta was documented by electrophoretic mobility shift assay [29] . Also, a survey of transcription factor mRNA expression by isolated trophoblasts from first-trimester human placenta was recently published and included HIF-1␣, -2␣, and -1␤ [30] . Accordingly, there were three major objectives of the present work: 1) to determine the relative abundance of HIF-1␣ and -2␣ mRNA and protein in the human placenta from early gestation to term; 2) to investigate the regulation of HIF mRNA-, protein-, and DNA-binding activity by oxygen in the human placenta by using villous explant cultures from first-trimester and term placentas; and 3) to examine the cellular localization of HIF-1␣ and -2␣ protein in the first-trimester and term human placentas. Given the major role of oxygen in the regulation of normal and abnormal placental development and function, the molecular mechanisms of oxygen transduction by this organ require further elucidation.
MATERIALS AND METHODS

Placental Collection and Processing
Placentas were obtained from women with normal pregnancies undergoing elective cesarean section at term and from women undergoing elective pregnancy terminations at 5-12 gestational wk under approval of the Institutional Internal Review Board of Magee-Womens Hospital.
For evaluating the expression and ontogeny of the hypoxia-inducible transcription factors (HIF), the placental tissues were snap-frozen or placed into 10% formalin immediately after extraction from the uterus. For evaluating the regulation of HIF expression in placental tissues, villous explants were prepared as described by Benyo et al. [31] , with modifications. For term placenta, several cotyledons were excised at random and rinsed extensively in sterile saline to remove blood. Decidua and large vessels were removed from the villous placenta by blunt dissection. The villous tissue was then finely dissected into 5-10 mg pieces while in the bath of sterile saline. The pieces were extensively washed two or three more times before use. Firsttrimester villi were prepared in a similar fashion.
Villous Explant Culture
We placed 30 to 50 mg of villous tissue into each well of a 24-well plate (Becton Dickinson, Franklin Lakes, NJ) containing 1.0 ml of Medium 199 (Mediatech, Cellgro, Herndon, VA) supplemented with 10% fetal bovine serum (FBS; Summit Technology, Ft. Collins, CO) and antibiotics. Explants were incubated at 37ЊC for a 12-24 h preincubation period on an orbital shaker (60 rpm, Belly Dancer; Stovall Life Science Inc., Greensboro, NC) under standard tissue culture conditions of 5% CO 2 -balance room air (normoxia; 20.94% O 2 ) in a cell culture incubator (Forma Scientific, Marietta, OH). Cultures were gently shaken because it has been reported in stationary cultures of hepatoma cells maintained under normoxic conditions that the formation of unstirred fluid layers leads to reduced pericellular pO 2 and consequently, to elevated erythropoietin secretion ( [32, 33] and unpublished results). After a medium change and the addition of any treatments, the plates were again placed on the orbital shaker at 37ЊC for various times under either normoxia or reduced O 2 (hypoxia; 2% O 2 -5% CO 2 -balance nitrogen) in the cell culture incubators. When the tissues were treated with cobalt chloride (final concentration of 100 M), the tissues were incubated under normoxic conditions. In experiments involving actinomycin D (10 g/ml) or cyclohexamide (100 M) to inhibit transcription and translation, respectively, the villous explants were pretreated for 2 h and then subjected to either the normoxic or hypoxic incubation conditions in the continuous presence of the inhibitor.
Using a Tucker chamber and a radiometer O 2 electrode [34] , the pO 2 of the hypoxic cell culture incubator was routinely found to be 15-20 torr, comparable to the levels observed in the intervillous space during early gestation. To achieve a more severely hypoxic environment of 1% O 2 , modular incubation chambers (Billups-Rotherberg Inc., Del Mar, CA) were used. These chambers were filled with a 1% O 2 -5% CO 2 -balance nitrogen gas mixture. The pO 2 was routinely 5-10 torr, which was well maintained for at least 24 h. These chambers were then placed in the cell culture incubator for the 37ЊC environment. Cytotoxicity was monitored for each experiment based on the release of lactate dehydrogenase into the medium and was consistently found to be 6-10%, irrespective of the O 2 atmosphere, as previously reported [31] .
Hepatoma G2 Cell Culture
Hepatoma G2 (HepG2) cells were obtained from the American Type Culture Collection (Manassas, VA). These cells were used as a positive control for HIF expression [35] . The cells were seeded at a density of 50 000 per square centimeter and were grown in Eagle minimum essential medium supplemented with nonessential amino acids (Mediatech, Cellgro, Herndon, VA), sodium pyruvate (1.0 mM; Gibco-BRL, Grand Island, NY), 10% FBS, and antibiotics.
Electrophoretic Mobility Shift Assay
Mobility shift assays were carried out using modified procedures of Semenza et al. [36] . For the preparation of nuclear extracts, villous explants were rapidly pooled from four to six wells (about 300 mg total wet weight). The excess medium was blotted on a sterile 4 ϫ 4 gauze, and the tissues were transferred into four volumes of buffer A (10 mM Tris-HCl, pH 7.8; 1.5 mM MgCl 2 ; and 10 mM KCl containing 0.1% Triton-X 100). Buffers A, C, and D used in the nuclear extract preparation contained 0.5 mM dithiothreitol (DTT), 0.4 mM phenymethylsulfonyl fluoride, 2 g per milliliter each of leupeptin, pepstatin, and aprotinin, as well as 1 mM sodium vanadate. Care was taken to process the tissue as quickly as possible, and all the steps were carried out at 4ЊC. Villous tissue was homogenized in buffer A using a Tissuemizer (Tekmar, Cincinnati, OH) at setting 60 for 45 sec. Cell lysis was monitored microscopically by staining with hematoxylin. The homogenate was centrifuged at 850 ϫ g for 5 min to pellet the nuclei. The crude nuclear pellet was resuspended in 2.5 volumes of buffer C (20 mM Tris-HCl, pH 7.8; 0.42 M NaCl; 1.5 mM MgCl 2 ; and 20% glycerol). When preparing nuclear extracts from HepG2 cells, we substituted 0.42 M KCl for the NaCl. The nuclear proteins were extracted by gentle rocking at 4ЊC for 30 min. The extract was centrifuged at 21 000 ϫ g for 30 min and then dialyzed against 200 volumes of buffer D (20 mM Tris-HCl, pH 7.8, 0.1 M KCl, 0.2 mM EDTA, 20% glycerol) for 4 h. The dialyzed nuclear extract was subjected to mild sonication with a microtip for 5 sec (Sonifier-Cell Disruptor; Heat Systems-Ultrasonics Inc., Plainview, NY) and then was centrifuged at 21 000 ϫ g for 15 min. The cleared supernatant was stored in aliquots at Ϫ70ЊC until further use. Protein concentration was estimated by the Bradford method using reagents from Bio-Rad (Hercules, CA).
For the preparation of the probe, oligonucleotide representing the erythropoietin gene HRE sequence 5Ј-GCCCTACGTGCTGTCTCA (200 ng) was end labeled using 50 Ci ␥ 32 P-ATP (3000 Ci/mM, NEN-Dupont) and 20 units of T4 polynucleotide kinase (New England Biolabs, Beverly, MA) in a 20 l volume. The labeled oligonucleotide was mixed with twofold excess of cold antisense oligonucleotide, boiled at 100ЊC for 10 min, and slowly allowed to cool to room temperature (RT). The doublestranded probe was then subjected to electrophoresis on a 20% polyacrylamide gel in 1ϫ TBE (0.09 M Tris, 0.09 M boric acid, and 2 mM EDTA), and the wet gel was wrapped in plastic wrap and exposed for autoradiography. The band was excised from the gel, and the labeled probe was extracted in a buffer containing 10 mM Tris-HCl, pH 8.0; 1 mM EDTA; and 1 M NaCl at 37ЊC overnight. After a phenol:chloroform extraction, the probe was precipitated with 100% ethanol in the presence of carrier tRNA (10 g). The labeled probe was recovered by centrifugation at 21 000 ϫ g for 15 min, washed once in 70% ethanol, dried, and dissolved in minimal amount of sterile water. The radioactivity was measured using a Beckman scintillation counter.
The DNA-binding reaction was carried out in 30 l volume containing 5 g of nuclear proteins from HepG2 cells or 30 to 40 g of nuclear proteins from villous explants and 0.1 g of denatured calf thymus DNA in 10 mM TrisHCl, pH 7.5; 50 mM KCl; 50 mM NaCl; 1 mM MgCl 2 ; 1 mM EDTA; 5 mM DTT; and 5% glycerol. After a 5-min preincubation, 5 ϫ 10 4 cpm (0.5 to 1 ng) of the probe was added, and the incubation was carried out for another 15 min at RT. The reaction mixture was loaded onto a 5% nondenaturing polyacrylamide gel and electrophoresed in 0.3 ϫ TBE for 3 h at a constant 200 volts at 4ЊC. The gels were dried and exposed for autoradiography. In the case of supershift assays, 2 g of the HIF antibodies or IgG controls were added to the mix after the initial 15 min, and the incubation was further carried out for another 30 min before loading onto the gel. The gels were dried on Whatman 3 filter paper (Whatman International Co., Maidstone, UK) with a cellophane support (Bio-Rad) using a gel dryer (Fisher Biotech, Pittsburgh, PA) and were exposed to Kodak-Bio-max-AR film (Eastman Kodak, Rochester, NY).
Northern Blot Analysis
Total RNA was isolated from HepG2 cells, placental tissues, and villous explants using RNAwiz (Ambion, Austin, TX). After a brief wash in ice-cold PBS, HepG2 cells were directly lysed in RNAwiz (1 ml per 75 cm 2 flask). Placental tissues and villous explants were first pulverized using a Bessman tissue pulverizer (Spectrum Medical Industries, Laguna Niguel, CA) and then homogenized in 10 volumes of RNAwiz using a Tissuemizer. After preparation, the RNA pellet was dissolved in a minimal volume of RNasefree water or in RNase-free water containing 0.5% SDS. The amount of total RNA was estimated by spectrophotometry (A 260 ). One optical density was taken to be 40 g/ml.
Ten to 20 g of total RNA was separated on formaldehyde containing 1.5% agarose gels and transferred to nylon membranes (MSI, Westborough, MA). RNA on the membranes was cross-linked by using a Biotech UV-cross-linker (Fisher).
For the preparation of the cDNA probes, plasmids pBS/ HIF-1␣3.2-3T7 (EcoRI digest of the complete cDNA produces three bands of sizes 2063, 1011, and 604 base pairs [bp]), and plasmid pGEX2T/ARNT-C (HIF-1␤, an 800-bp EcoRI/BamHI fragment) were generously provided by Dr. Gregg Semenza. Plasmid hEPAS-pcDNA3 (HIF-2␣, a 2818-bp BamHI fragment) was a kind gift from Dr. Steven McKnight. A 539-bp fragment of the human ␤-actin was made by reverse-transcription polymerase chain reaction using a sense primer 5Ј-GTGGGGCGCCCCAGGCACCA (nt 144-163) and an antisense primer 5Ј-TCCTTAATGT-CACGCACGATTTC (nt 660-683). All restriction digestion fragments were purified from gel using the Jetsorb DNA purification kit (Genomed GmbH, Germany).
cDNA probes were made using 25-50 ng of the insert, 50 Ci of ␣-32 P-dCTP (3000 Ci/mM, NEN-Dupont), and 2 U of Klenow polymerase using the Multi-prime DNA-labeling kit (Amersham Pharmacia Biotech, Piscataway, NJ). Unincorporated free 32 P was removed using a spin column (Bio-Spin P30, Bio-Rad).
The membranes were washed once briefly in 2ϫ SSC and were processed further for hybridization. Prehybridization was carried out for 12 h in 6 ml of buffer containing 50% de-ionized formamide, 5ϫ Denhardt solution, 5ϫ saline-sodium phosphate-EDTA buffer, 1% SDS, 0.5 mg/ml of denatured salmon sperm DNA, and 0.1 mg per ml of tRNA at 42ЊC in a Hybaid oven with roller bottles (250 ϫ 35 mm). Labeled probe in 4 ml of prehybridization buffer was added to the membrane (2 ϫ 10 6 cpm per milliliter), and the hybridization was carried out as usual for 12-24 h. The membranes were washed in 2ϫ SSC-0.1% SDS twice for 5 min at RT and then were washed twice in the same solution at 37ЊC. The washing was carried out for another 15 min at 50ЊC with 0.1 ϫ SSC-0.1% SDS when necessary. The membranes were exposed to Kodak-Bio-max-AR film (Eastman Kodak).
The membranes were stripped in 0.1% SDS at 60ЊC for 15-30 min and reprobed for another gene of interest or for the housekeeping gene, ␤-actin, to correct for interlane loading variations. ␤-actin was chosen as a housekeeping gene because it has been reported to be relatively unaffected by hypoxia [37, 38] . Our results supported this contention-␤-actin mRNA (hypoxia)/␤-actin mRNA (normoxia) was 0.88 Ϯ 0.10 for term placental villous explants (n ϭ four placentas). The signal on the film was quantitated by densitometry using the Videk Harmony program, version 4.03 (Videk Corporation, Rochester, NY).
Western Blot Analysis
Total proteins from placental tissues or villous explants were extracted using 4 volumes of 1ϫ Laemmli buffer (50 mM Tris HCl, pH 6.8, 2% SDS, 10% glycerol) containing 7 M urea, 5 mM DTT, 0.5 mM PMSF, and 1 g/ml each of protease inhibitors, leupeptin, aprotinin, and pepstatin. Tissues were homogenized with a Tekmar Tissuemizer for about 1 min at setting 6. The crude homogenate was centrifuged at 10 600 ϫ g at 4ЊC, and the supernatant was subjected to mild sonication (microprobe, setting 4 for 5 sec). The supernatant was then stored in aliquots at Ϫ80ЊC. Protein estimation was carried out using the Bio-Rad reagent, and 150 g protein was used for the Western analysis. Nuclear proteins from HepG2 cells (5-10 g) or from villous explants (30-50 g) were also used. All preparations were finally boiled for 5 min and briefly centrifuged. The proteins were separated on a SDS containing 6% polyacrylamide gel (Mini-Protean II cell system, Bio-Rad) at 100 V for one hour. Total protein samples were loaded in 40 l volume containing the desired amount of protein and 5% ␤-mercaptoethanol and 0.005% pyronin (Sigma Chemical Co., St. Louis, MO) and nuclear proteins in 20-30 l volume containing 2% SDS and 5% ␤-mercaptoethanol. The proteins were next transferred to PVDF membranes (Immobilon; Millipore, Bedford, MA) using a semidry transfer system (Enprotech; Integrated Transfer Systems, Natick, MA) at a constant current of 1.0 mA per cm 2 . Detection of proteins was carried out after blocking the membranes with a 1% solution of Blocking Reagent (Boehringer Mannheim, Indianapolis, IN) for 4 h and incubating with the primary antibody. An anti-HIF-1␣ monoclonal antibody and a rabbit polyclonal anti-HIF-2␣ were obtained from Novus Biologicals (Littleton, CO; see Immunohistochemistry for further details). For HIF-1␣, the antibody was diluted 1:200 in TBS (Tris-buffered saline) buffer containing 0.1% Tween-20, and for HIF-2␣, the antibody was diluted 1:400 in PBS containing 0.1% Tween-20. The corresponding IgG was substituted for the primary antibody at the same concentration to generate negative control blots. The membranes were washed in either TBS-T or PBS-T buffer three times for 10 min each and then were incubated with alkaline phosphatase-conjugated secondary antibody (1: 2500 dilution for HIF-1 ␣ and 1:5000 for HIF-2 ␣ and ␤-actin) for 1 h. The membranes were washed three times in either TBS-T or PBS-T for 10 min each. They were further washed in the appropriate buffer without Tween-20 for 10 min and were allowed to equilibrate in alkaline phosphatase buffer (100 mM Tris, pH 9.5; 150 mM NaCl) for 5 min. Chemiluminescent detection was carried out using the CDP-Star substrate (Boehringer Mannheim) diluted 1:200 in the alkaline phosphatase buffer for 5 min. Membranes were exposed for different times to Kodak Bio-max-AR film.
The membranes were stripped with a buffer containing 62.5 mM Tris HCl, pH 6.8; 2% SDS; and 100 mM ␤-ME at 50ЊC for 15-30 min and reprobed with another antibody of interest or with a monoclonal anti-␤-actin antibody (Clone AC-15, Sigma; 1:1000 dilution) to correct for loading variations.
Immunohistochemistry
Two anti-HIF-1␣ monoclonal antibodies were used. One, a generous gift from Dr. Helen Turley, is clone Hif28b (a mouse IgG1) directed against amino acids 329-530 of the molecule [39] . The other designated clone H1␣67 (a mouse IgG2b) was purchased from Novus Biologicals and is directed against amino acids 432-528. Dr. Turley also provided a HIF-2␣ antibody-clone EP190b (a mouse IgG1k) directed against amino acids 535-631 of the molecule [40] . There was no cross-reactivity of the HIF-1␣ antibodies with HIF-2␣, and vice versa [39] (see Results).
Immediately after extraction from the uterus, placental tissues were fixed in 10% formalin for at least 24 h and then dehydrated and embedded in paraffin. Seven-micron sections were cut and mounted on Fisher Superfrost/Plus glass slides. After removal of the paraffin, the sections were subjected to antigen retrieval by using Antigen Unmasking Solution (Vector Laboratories Inc., Burlingame, CA) and a microwave oven. After quenching of endogenous peroxidases using 1.0% hydrogen peroxide in methanol for 3 min and blocking with 1.5% normal horse serum for 20 min, the tissues were incubated with the monoclonal antibodies for 2 h at room temperature. Preliminary studies showed that the optimal concentration for the H1␣67 HIF-1␣ antibody was 10 g/ml. The other antibodies were provided as cell culture supernatants at 10 g/ml, and they were applied directly to the tissue sections. For negative controls, the IgG2b was substituted for the H1␣67 HIF-1␣ at the same concentration. For the other antibodies, RPMI cell culture medium containing 10% FCS, 0.002% sodium azide, and 10 g/ml of IgG1 was used. Using the Vectastain Elite ABC Kit and 3,3Ј-diaminobenzidine (DAB) Peroxidase Substrate Kit (both from Vector), immunoreactive HIF-1␣ and -2␣ were detected. All of the villous placental tissues depicted in Figure 6 were run in the same immunohistochemical procedure and developed with the DAB peroxidase substrate for identical times (1-1.5 min). Tissue sections were lightly counterstained with Hematoxylin Gill 2 (Sigma). After dehydration in ethanol and xylene solutions, a coverslip was applied using Cytoseal XYL (Stephens Scientific, Riverdale, NJ).
Data Analysis
The data in all graphs are presented as mean or mean Ϯ SEM. They were analyzed by one-or two-factor univariate analysis of variance (ANOVA). When appropriate, post hoc comparisons between individual group means were made by Fisher's protected least-significant difference tests. A P value of less than 0.05 was considered to be significant [41] .
RESULTS
We first investigated the expression and ontogeny of the major hypoxia inducible transcription factors in normal human placentas of different gestational ages. By Northern analysis, HIF-1␣ and -2␣ mRNA were present in normal placentas at all stages of gestation with greater variability in expression during early pregnancy (Fig. 1A) . Overall, however, the HIF-1␣ mRNA levels did not change significantly with advancing gestational age when normalized either for ␤-actin (Fig. 1B) or 18S RNA (data not shown; values of both P ϭ NS by ANOVA). In contrast, HIF-2␣ mRNA showed a significant increase during gestation, whether normalized for ␤-actin (Fig. 1B , P ϭ 0.001) or 18S RNA (data not shown, P Ͻ 0.02). Although ␤-actin and HIF-1␣ mRNA did not change significantly with gestational age when normalized for 18S RNA (P ϭ NS by ANOVA), there was a trend for increased levels of both at 5-8 gestational wks. These observations indicate that both HIF-1␣ and -2␣ mRNA are constitutively expressed in the human placenta.
A representative example of the expression and ontogeny of HIF-1␣ and -2␣ protein by Western analysis is depicted in Figure 1C . The graphical summary of the data from all placentas (some tested on duplicate blots and the values averaged) is presented in Figure 1D . As a positive control, total protein from a normal-term villous explant . The ''n'' indicates the number of different placentas analyzed for each gestational age. There was a significant effect of gestational age on HIF-2␣ mRNA expression (P ϭ 0.001 by ANOVA). * P Ͻ 0.05 compared with all other gestational ages. Note that comparison of the abundance of mRNA for HIF-1␣ and -2␣ cannot be made because the specific activity of the probes is unknown. C) Representative Western blot depicting the expression and ontogeny of HIF-1␣ and -2␣ protein in the human placenta. Total protein was extracted in 7 M urea containing Laemmli buffer, electrophoresed on SDS containing 6% polyacrylamide gels, and subjected to Western analysis as described in Materials and Methods. The 120-kDa HIF-1␣, 115-kDa HIF-2␣, and 43-kDa ␤-actin proteins are shown. The total protein from a normal-term villous explant subjected to 4-6 h of hypoxia represents a positive control. The exposure times for HIF-1␣ and -2␣, respectively, were 30 and 3 min. Each lane contains total protein from a different placenta. D) Graphical depiction of all of the data for expression of HIF-1␣ and -2␣ protein in the human placenta (mean Ϯ SEM). The ''n'' refers to the number of different placentas tested at each gestational age. There was a significant effect of gestational age on both HIF-1␣ and -2␣ protein expression (P Ͻ 0.01 and Ͻ 0.005 by ANOVA, respectively). * P Ͻ 0.05 compared with 5-8 wk; ϩ P Ͻ 0.05 compared with all other gestational ages. Note that comparison of the abundance of protein for HIF-1␣ and -2␣ cannot be made because the relative efficacy of the antibodies is unknown.
exposed to 2% hypoxia in culture for 4-6 h was also probed for HIF-1␣ and -2␣ (see below). A significant effect of gestational age was observed for both HIF-1␣ and HIF-2␣ (P Ͻ 0.01 and Ͻ 0.005 by ANOVA, respectively). The protein expression was significantly greater at the earlier gestational stages.
To determine whether hypoxia regulates HIF expression in the human placenta and, if so, at the level of mRNA, protein, or both, we subjected villous explants to standard tissue culture conditions (normoxia) or to an hypoxic environment (1 or 2% O 2 ; see Materials and Methods). As shown in Figure 2 , A and B, there was no consistent effect of hypoxia on either HIF-1␣ or -2␣ mRNA expression in villous explants derived from first-trimester placentas of 5, 7, or 12 gestational wk. Additional placental villous explants from first-trimester placentas were tested. After 6 h of incubation in normoxic or hypoxic conditions, normalized HIF-1␣ mRNA was 2.29 and 2.07, 2.18 and 2.10, and 1.97 and 1.63, respectively, for the villous explants from 7-, 9-, and 11-wk placentas. Normalized HIF-2␣ in the same tissues was 1.51 and 1.68, 1.55 and 1.83, and 1.50 and 1.39, respectively. Comparable results were obtained using term villous explants (Fig. 3, A and B) , that is, there was no influence of hypoxia on either HIF-1␣ or -2␣ mRNA expression (P ϭ NS by ANOVA). The HepG2 cells also failed to show any difference in the mRNA expression between normoxic and hypoxic conditions (Fig. 3A) . Thus, placental HIF expression does not appear to be regulated by hypoxia at the level of mRNA.
In contrast, the expression of both HIF-1␣ and -2␣ protein is regulated by hypoxia in the human placenta. Figure  4 , A and B, depicts the Western analyses using total and nuclear proteins extracted from villous explants, respectively (see Materials and Methods). Proteins of 120 and 115 kDa representing HIF-1␣ and -2␣, respectively, were enhanced by 2% hypoxia. Term villous explants that were exposed to 1% hypoxia showed even further increases in HIF-1␣ but not in HIF-2␣ expression, which was apparently already maximal at 2% O 2 (Fig. 4A) . By reprobing the same membrane with an antibody directed against ␤-actin, uniform loading was documented. Nuclear extracts from HepG2 cells were used as a positive control (Fig. 4A) .
To establish the DNA-binding activity of HIF, electrophoretic mobility shift assays (EMSA) were performed. A distinct HIF complex that moves above a constitutively expressed complex was observed in the positive control HepG2 cells and also in the placental villous explants exposed to hypoxia (Fig. 5, A-D) . The signal in the placental villous explants was generally less than the HepG2 cells, even though we used considerably more villous nuclear extract in each reaction mixture-30-40 compared with 5-10 g. We considered that this discrepancy might be due to an abundance of CREB/ATF that may compete with HIF-1␣ for the labeled oligonucleotide. Therefore, we added cold AP1/CREB consensus oligonucleotide as a competitor. This maneuver somewhat enhanced the DNA-binding activity of HIF-1␣ and decreased the binding activity of the constitutively expressed band (putatively CREB/ ATF). The HIF complex for the HepG2 cells was frequently a doublet, whereas the HIF complex observed for the nuclear extracts from villous explants generally migrated with the faster-moving lower band of the HepG2 complex. Specificity of the HIF DNA binding was established by utilizing antibodies to HIF-1␣ and -1␤ in supershift assays (Fig. 5B) . Substitution of the appropriate IgG control for the HIF-1␣ and -1␤ antibodies at the same concentration did not affect the mobility of the HIF complex.
The amount of HIF DNA-binding activity varied with the degree of hypoxia (see Fig. 5C ). That is, term villous explants exposed to 1% O 2 demonstrated more HIF DNAbinding activity than did those incubated with 2% O 2 . Cobalt chloride duplicated the hypoxia response in villous explants maintained under normoxic incubation conditions (Fig. 5C ). The effect of preincubating HepG2 cells and term villous explants with actinomycin D or cyclohexamide is shown in Figure 5D . Although actinomycin D had little or no effect on HIF DNA-binding activity, cyclohexamide completely abolished the binding. Finally, as a negative control, SP1 consensus oligonucleotide was employed in the mobility-shift assay to further determine whether the , as explained in Materials and Methods and subjected to Western analysis. Nuclear proteins from 7-and 12-wk and term villous explants that were exposed to normoxia (N) and hypoxia (H) for 6 h were analyzed along with the nuclear proteins from the HepG2 cells, the latter serving as a positive control.
FIG. 5. A)
Electrophoretic mobility shift assays representative of identical experiments conducted on four placentas employing nuclear extracts from term villous explants and HepG2 cells (positive control) exposed to normoxia (N) or hypoxia (H). The identical trends were seen in all experiments. A double-stranded oligonucleotide containing the hypoxia response element from the erythropoietin gene was end-labeled with 32 P-␥ ATP. Approximately 50 000 cpm was mixed with 5-10 g and 30-40 g, respectively, of nuclear proteins from the HepG2 cells and term villous explants. The protein-DNA complex was separated on a 5% nondenaturing gel in 0.3ϫ TBE. The gels were dried and exposed for autoradiography. Because the HIF complex observed in villous explant tissue was weaker, 1-10 ng of a mixture of double-stranded AP1 and CREB was added to the binding reaction, which moderately enhanced the intensity of the HIF complex by reducing the CREB/ATF complex. All experiments were therefore carried out in the presence of these oligonucleotides (see Materials and Methods for additional details). NS, Nonspecific band; C, constitutively expressed band; HIF, mobility shift caused by HIF-1␣ and HIF-1␤ heterodimer. B) Supershift assays using HIF-specific antibodies. Electrophoretic mobility shift assays were performed using nuclear extracts from HepG2 cells (positive control) and from 7-wk and term villous explants. After an initial 15-min incubation, 2 g of HIF-1␣ or -1␤ (data not shown) antibody was added to the reaction mixture, and the incubation was continued for another 30-60 min on ice. Mouse IgG2b and rabbit IgG were substituted for the HIF-1␣ and -1␤ antibodies, respectively, as negative controls. The complexes were separated on gel and analyzed by autoradiography (see Materials and Methods for further details). C) Electrophoretic mobility shift assays of nuclear extracts prepared from term villous explants exposed for 6 h to normoxia (N), hypoxia at 2% O 2 (H2%), hypoxia at 1% O 2 (H1%), or CoCl 2 . D) Electrophoretic mobility shift assays of nuclear extracts prepared from HepG2 cells and term villous explants treated with actinomycin D (ACT) or cyclohexamide (CHX) prior to and during subsequent incubation in normoxic (N) or hypoxic (H) conditions (see Materials and Methods for additional details). E) Electrophoretic mobility shift assays showing the presence of the ubiquitous transcription factors SP1 and SP3 in the nuclear extracts of HepG2 cells and term villous explants. The levels of these transcription factors were not regulated by hypoxia. F) Northern analysis depicting the expression of the 2.8-kb glucose transporter-1 mRNA in HepG2 cells and term villous explants exposed to normoxic (N) and hypoxic (H) incubation conditions. The blot from Figure 3A was stripped and reprobed for the Glut-1 expression shown here-for ␤-actin, see Figure 3A .
hypoxia response was specific. The ubiquitous transcription factors SP1 and SP3 present in nuclear extracts of HepG2 cells and term villous explants were not affected by hypoxia (Fig. 5E) .
Cells that are exposed to hypoxia turn on a battery of genes as an adaptive response in many instances via the HIF pathway, for instance, glucose transporter-1 (Glut-1) [11] . Therefore, we measured Glut-1 mRNA. The same membrane depicted in the Northern blot in Figure 3A was stripped and reprobed for Glut-1 expression. Although the HepG2 cells exposed to hypoxia showed some increase in Glut-1 mRNA, the villous explant response was more marked, and at each time point, Glut-1 mRNA was clearly more abundant in the hypoxic tissues (Fig. 5F ).
Because placental tissue is comprised of several cell types, we employed immunohistochemistry to discern localization of HIF-1␣ and -2␣. Additionally, this technique provides information regarding cytoplasmic and/or nuclear expression. All results presented in Figure 6 are representative of at least three placentas studied during the first trimester and term. Figure 6 , a-f, depict the results for HIF-1␣ in first trimester placentas. This transcription factor was observed in the syncytiotrophoblast, villous cytotrophoblast, fetoplacental vascular endothelium, and possibly other cell types in the villous core. Comparable results were observed for term villous placenta (Fig. 6, g-i) , except that at this gestational stage, the villous cytotrophoblast is rare Serial sections of a 9.5-wk placenta for immunolocalization of HIF-1␣ again using the two clones of HIF-1␣ antibodies in (d) and (f), respectively. The negative controls using IgG 2b and IgG 1k are depicted in the upper and lower panels of e. g-i) Serial sections of a term placenta for immunolocalization of HIF-1␣, again using the clones H1␣67 and Hif28b monoclonal antibodies in g and i, respectively. The negative controls using IgG 2b and IgG 1k are shown in the upper and lower panels of h, respectively. j-l) Tissue sections of a 9.5-wk (j) and normal-term placenta (l) for immunolocalization of HIF-2␣ using the clone EP190b monoclonal IgG 1k antibody. Substitution of the primary antibody with mouse IgG 1k is shown in the upper and lower panels of k for the 9.5-wk and term placenta, respectively. The syncytiotrophoblast is denoted by the thin arrow, the villous cytotrophoblast by the arrow head, and fetoplacental blood vessels by the thick arrow. Original magnification: ϫ200.
and not easily identified. Significantly, the data were similar for the two different HIF-1␣ monoclonal antibodies employed, although the immunostaining using clone H1␣67 was generally more intense (see figure legend and Materials and Methods for further details). Figure 6 , j-l, portrays the findings for HIF-2␣ in the first trimester (Fig. 6j and the top of Fig. 6k) , and term placentas (the bottom of Fig.  6k and Fig. 6l ). The localization of HIF-2␣ was generally overlapping with HIF-1␣. Both nuclear and cytoplasmic localization are evident for the two transcription factors.
DISCUSSION
Despite the close link between placental hypoxia and normal placental development and various placental pathologies, relatively little is known about the molecular mechanisms of oxygen transduction by this organ. Accordingly, our objectives were to investigate the ontogeny of expression of the hypoxia-inducible transcription factors in the human placenta, as well as their regulation by oxygen using villous explant cultures.
A major finding was that HIF-2␣ mRNA increased significantly with gestational age, whereas HIF-1␣ remained unchanged as assessed by Northern analysis (Fig. 1, A and  B ). An increase in HIF-2␣ mRNA per cell, an increase in the number of villous cells expressing the message, or both could account for the phenomenon. Because HIF-2␣ mRNA may be expressed preferentially in endothelial cells [13, 14] , the development and maturation of the fetoplacental vasculature in the villous core with advancing gestational age [4] might explain the finding. Ultimately, in situ hybridization is needed to resolve this issue.
Another major finding was that the abundance of both HIF-1␣ and -2␣ protein in the human placenta significantly decreased with gestational age as determined by Western analysis (Fig. 1, C and D) . In fact, there was an inverse relationship between HIF-2␣ mRNA and protein expression, with the former significantly rising and the latter declining with gestational age (compare Fig. 1, B and D) . Because HIF-1␣ and -2␣ protein, but not mRNA, are induced in the placenta by hypoxia (see below), the finding of increased protein expression in the first trimester is consistent with the low intervillous blood flow and physiological hypoxia that has been reported during the early stages of placental development [2, 3] . Interestingly, despite the establishment of intervillous blood flow after the first trimester, both HIF-1␣ and -2␣ proteins were still detected in second and third trimester placentas. On the one hand, persistent protein expression may be partly a consequence of the relatively low PO 2 measured in the intervillous space even after the establishment of intervillous blood flow-60 torr (vs. arterial PO 2 of 75-100 torr)-which was comparable to the endometrial PO 2 [3] . On the other hand, various growth factors including IGF-I and EGF [21, 22] may contribute to this paradoxical persistence of HIF-1␣ and -2␣ protein expression after the first trimester and possibly to the elevated levels observed during the first trimester. Indeed, the expression of IGF-I and -II, as well as of the IGFbinding proteins by the placenta has been described [42] . Our findings are perhaps reminiscent of those recently reported by Iyer and colleagues that indicate that mouse embryonic stem cells showed relatively high levels of HIF-1␣ expression under nonhypoxic conditions [25] . Furthermore, the presence of HIF-1␣ and -2␣ protein in the human placenta may explain the constitutive expression of erythropoietin by this organ [43] .
In order to evaluate the regulation of HIF-1␣ and -2␣ in the human placenta by oxygen, we investigated cultured villous explants subjected to a 20%, 2%, or 1% oxygen atmosphere as previously described [31] . A major observation was that HIF-1␣, -1␤, and -2␣ were not regulated by oxygen at the level of mRNA in either first trimester (Fig. 2, A and B) or term (Fig. 3, A and B) villous explants, as assessed by Northern analysis. Nor was regulation of the HIF message by hypoxia observed in the HepG2 cells (Fig.  3A) . Although there may have been some diminution of the hypoxia-induced HIF-1␣ DNA-binding activity by actinomycin D for the HepG2 cells as determined by EMSA, no such decrease was observed for the term villous explants (Fig. 5D) . Thus, the studies with actinomycin D and HIF-1␣ DNA binding activity are consistent with the Northern analysis, at least for placental villous explants. Although some investigators have reported hypoxia modulation of HIF mRNA, others have not, and the phenomenon may depend on the tissue or cells being investigated, on incubation conditions, and on the degree of hypoxia ( [44] , and see citations in [11] , as well as present results). In contrast, of major significance was that both HIF-1␣ and -2␣ proteins were potently induced by hypoxia in first trimester and term villous explants, as well as in HepG2 cells (Fig. 4, A and B) . Presumably, this event was secondary to protein stabilization [14, [16] [17] [18] and increased translation (e.g., [11, 24] ). Our experiments with cyclohexamide and HIF-1␣ DNA-binding activity were supportive of the latter mechanism (Fig. 5D, see below) , but because the translation of all proteins was inhibited by the drug, this methodological approach was nonspecific and did not exclude an important contribution of protein stabilization. In addition, more HIF-1␣ protein was expressed in response to 1.0% rather than 2.0% hypoxia in term villous explants. The HIF-1␣ DNA binding activity on EMSA was also more intense in term villous explants subjected to the 1.0% hypoxic incubation (Fig. 5C ). This inverse relationship between the degree of hypoxia and the production of HIF-1␣ protein and DNA-binding activity, at least down to 0.5% O 2 , has been previously described [45] . In contrast, no further increase was observed for the HIF-2␣ protein, which is also consistent with previous work suggesting that HIF-2␣ may be more active than HIF-1␣ under less severely hypoxic conditions [39] .
Using EMSA, we documented the corresponding DNA binding activity of HIF-1␣ for first-trimester and term villous explants, as well as for the HepG2 cells (Fig. 5) . A constitutive band was also present that may represent CREB/ATF DNA-binding activity [46] . The authenticity of the HIF-1␣ DNA-binding activity was verified by supershifts with antibodies specific for HIF-1␣ and -1␤ (Fig. 5B) . The HIF complex was a doublet for the HepG2 cells, whereas the DNA-binding activity of the villous explants was a single band that aligned with the lower, faster mobility band of the doublet observed for the HepG2 cells (best portrayed in Fig. 5D ). Maxwell et al. showed that the upper, slower-mobility band of the HIF/DNA complex was supershifted by a von Hippel-Lindau (VHL) protein antibody [47] . Thus, an interaction between VHL protein and the HIF/DNA complex may not occur in the human placenta during hypoxic conditions comparable to the treatment with cobalt chloride ( [47] and Fig. 5C ). Further investigation is needed to substantiate this possibility.
We were unable to identify HIF-2␣-binding activity on EMSA despite the presence of mRNA and protein in the villous explants, the latter of which was increased by hypoxia as described above. Indeed, the HIF complex that we observed was consistently supershifted by the HIF-1␣ antibody, and there were no other candidate bands. Clearly, supershift studies using the HIF-2␣ antibodies are needed. To our knowledge, there are no published reports identifying endogenous HIF-2␣ DNA-binding activity by EMSA. It is possible that the binding conditions are different, and further work is needed to clarify this important issue.
Because placental villi are composed of many cell types, we used immunohistochemistry to determine cellular localization of HIF-1␣ and -2␣ (Fig. 6) . The technique also provided insight into nuclear and/or cytoplasmic localization. The major findings for the first trimester and term placentas were 1) the transcription factors showed overlapping expression in the syncytiotrophoblast, villous cytotrophoblast, fetoplacental vasculature, and possibly in other villous core cells and 2) they demonstrated both nuclear and cytoplasmic localization. The conclusions on HIF-1 ␣ may be particularly reliable because comparable results were obtained with two different HIF-1␣ monoclonal antibodies.
The induction of glucose transporter-1 by hypoxia has been previously shown to be mediated by HIF-1 [11] . Indeed, the activation of HIF by hypoxia in the villous explants was associated with the induction of Glut-1 mRNA (Fig. 5F ). Clearly, further investigation is required to establish additional links between the hypoxia-inducible transcription factors and normal placental development, as well as placental pathologies.
